The cellular response to hypoxia is regulated by hypoxia-inducible factor-1α and -2α (HIF-1α and -2α). We have discovered that filamin A (FLNA), a large cytoskeletal actin-binding protein, physically interacts with HIF-1α and promotes tumor growth and angiogenesis. Hypoxia induces a calpain-dependent cleavage of FLNA to generate a naturally occurring C-terminal fragment that accumulates in the cell nucleus. This fragment interacts with the N-terminal portion of HIF-1α spanning amino acid residues 1-390 but not with HIF-2α. In hypoxia this fragment facilitates the nuclear localization of HIF-1α, is recruited to HIF-1α target gene promoters, and enhances HIF-1α function, resulting in up-regulation of HIF-1α target gene expression in a hypoxia-dependent fashion. These results unravel an important mechanism that selectively regulates the nuclear accumulation and function of HIF-1α and potentiates angiogenesis and tumor progression.
The cellular response to hypoxia is regulated by hypoxia-inducible factor-1α and -2α (HIF-1α and -2α). We have discovered that filamin A (FLNA), a large cytoskeletal actin-binding protein, physically interacts with HIF-1α and promotes tumor growth and angiogenesis. Hypoxia induces a calpain-dependent cleavage of FLNA to generate a naturally occurring C-terminal fragment that accumulates in the cell nucleus. This fragment interacts with the N-terminal portion of HIF-1α spanning amino acid residues 1-390 but not with HIF-2α. In hypoxia this fragment facilitates the nuclear localization of HIF-1α, is recruited to HIF-1α target gene promoters, and enhances HIF-1α function, resulting in up-regulation of HIF-1α target gene expression in a hypoxia-dependent fashion. These results unravel an important mechanism that selectively regulates the nuclear accumulation and function of HIF-1α and potentiates angiogenesis and tumor progression.
cancer | subcellular localization | signal transduction A daptation of organisms to low oxygen levels (hypoxia) is a fundamental biological process that is required in both physiological and pathophysiological situations. In response to hypoxia the hypoxia-inducible factors (HIFs) activate transcription of a large group of genes encoding proteins involved in angiogenesis, erythropoiesis, and glucose metabolism (1) . The activity of HIF-1α or HIF-2α is mainly regulated at the level of protein stability (2, 3) . The intracellular distribution of HIF-1α has also been shown to be regulated by hypoxia. At normoxia the protein can be detected in both the nuclear and cytoplasmic compartments, whereas at hypoxia HIF-1α shows an exclusively nuclear localization (4, 5) .
Filamins are large actin-binding proteins that are widely expressed and stabilize 3D actin webs and link them to cellular membranes (6) . Filamin A (FLNA; also named actin-binding protein-280) is the most abundant isoform and widely expressed variant in human tissues. The scaffolding of FLNA with cell surface receptors provides mechanical stability, maintains cellcell and cell-matrix connections, and transmits stress signals to the actin skeleton during cellular locomotion. In addition, FLNA interacts with a wide range of proteins involved in signal transduction (6, 7) . FLNA is a homodimer of 280 kDa containing an N-terminal actin-binding domain and 24 rod-domain repeats, interrupted by two short hinge (H1 and H2) segments. Calpain proteases have been shown to cleave the H1 and H2 sites in vitro, producing a C-terminal 90-kDa fragment (8) . Several studies suggest that FLNA, generally regarded as a cytoplasmic architectural molecule, may act as a nuclear transcriptional modulator through this endogenous proteolytic fragment, which is accumulated in the cell nucleus (9, 10) .
Here we report that tumors derived from melanoma cells lacking FLNA have impaired growth, decreased angiogenesis, and diminished expression of HIF-target gene expression compared with tumors expressing FLNA, leading to the discovery that FLNA interacts with HIF-1α but not HIF-2α. In fact, hypoxia induces cleavage of FLNA, generating a fragment that enhances accumulation of HIF-1α in the cell nucleus and is recruited to hypoxia-responsive element (HRE)-containing promoters. Thus, this study reveals a hitherto unknown mechanism of regulation of HIF-1α signaling in hypoxic cells that contributes to tumor growth and angiogenesis.
Results
Lack of FLNA Expression Reduces Tumor Size and Tumor Angiogenesis.
Analysis of FLNA expression in cancer cohorts shows that FLNA mRNA is deregulated in many forms of cancer (Tables S1 and S2 ) (www.oncomine.org) (11). Here we have investigated the relevance of FLNA for solid tumor growth. We injected melanoma M2 cells lacking FLNA expression or A7 cells stably expressing FLNA into SCID mice. As shown in Fig. 1A , tumor xenografts expressing FLNA (A7) showed a larger size than M2 cell-derived tumors. Tumors expressing FLNA grew faster than M2 tumors (Fig. 1B) . Immunohistochemical analysis of the tumor vasculature showed that FLNA-expressing tumor xenografts had higher vascular density than tumors lacking FLNA ( Fig. 1 C and D) . Furthermore, the vessels in A7 cell-derived tumors were distorted and disorganized, with an increased vessel area and vessel diameter compared with M2 tumors. Tumor growth and angiogenesis correlated with FLNA protein levels in the tumors (Fig. 1E) . These results show that FLNA expression promotes tumor growth and angiogenesis.
Tumor angiogenesis is regulated by the HIF pathway through upregulation of several proangiogenic factors, including vascular endothelial growth factor-A (VEGF-A) (1). We therefore investigated
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HIF signaling in tumors derived from M2 or A7 cells. As shown in Fig. 1F , we detected higher levels of HIF target genes in FLNA-expressing tumors, indicating that HIF signaling is enhanced in tumors expressing FLNA.
FLNA Enhances HIF-Dependent Transcriptional Activity. In functional assays FLNA significantly enhanced hypoxia-inducible reporter gene activity in A7 cells compared with M2 cells (Fig. 2A) , indicating that FLNA increases the transactivation function of endogenous HIF proteins. We next investigated the impact of FLNA on the expression of endogenous HIF target genes (Fig.  2B) . We found that HIF target genes showed higher mRNA levels in hypoxia in A7 cells than in M2 cells. Although to a lesser extent, the presence of FLNA also correlated with enhanced mRNA expression of some HIF target genes in normoxia. Compared with M2 cells, A7 cells secreted significantly more VEGF-A protein in both normoxia and hypoxia and showed a significant hypoxia-dependent induction response (Fig. 2C) . Taken together these observations indicate that FLNA enhances the transactivation function of HIF proteins.
Down-Regulation of FLNA Expression Inhibits the HIF Transactivation
Function. To further study the impact of FLNA on the HIF signaling pathway, we transfected into A7 cells specific siRNAs targeting FLNA. The expression of FLNA mRNA was reduced by siRNA transfection to approximately 60% (Fig. S1 ). Silencing FLNA resulted in significant reduction of VEGF-A and GLUT3 mRNA expression and VEGF-A secretion in both normoxia and hypoxia ( Fig. 2 D and E) . We also analyzed the expression of previously described HIF-2α-specific target genes, such as Cyclin D2, p27, E2F1, A2AR, and CITED2 (12) (13) (14) . Among these genes only CITED2 showed hypoxia-dependent induction in M2 and A7 cells (Fig. S2A) . However, silencing FLNA did not impair CITED2 expression in A7 and HEK 293T cells (Fig. S2 B and C) . These observations argue against a role for FLNA in the regulation of HIF-2α specific target genes.
FLNA Physically Interacts with HIF-1α but Not HIF-2α. On the basis of the observed regulation of HIF target gene expression by FLNA, we asked whether HIF-1α was able to interact with FLNA. To test this in an unbiased manner we performed yeast two-hybrid assays. We screened a yeast two-hybrid library prepared from human T-cell cDNA. Sequence analysis of the positive cDNA clones revealed four clones encoding FLNA starting at rod-domain repeat 20 or 22 (Fig. S3A) . The interaction between HIF-1α and the C terminus of FLNA was confirmed in mammalian cells where NIH 3T3 cells were transfected with plasmids encoding the HAtagged C terminus of FLNA spanning repeats 20-24 (HA-FLNA [20] [21] [22] [23] [24] ) and FLAG-tagged HIF-1α (Fig. 3A) . Interaction between endogenous proteins was also investigated using nuclear and cytosolic extracts from COS1 cells. Our results show that full-length FLNA interacts with HIF-1α in the cytoplasmic compartment, with no binding observed between nuclear proteins (Fig. 3B) .
To identify domain(s) in HIF-1α responsible for the observed interaction, we cotransfected HEK 293A cells with a set of truncated HIF-1α constructs (Fig. S3B ) together with plasmids encoding FLNA [20] [21] [22] [23] [24] . The immunoprecipitation results revealed that FLNA interacts with the N-terminal portion of HIF-1α spanning amino acid residues 1-390 (Fig. 3C) .
We next examined whether FLNA also interacts with HIF-2α. FLAG-tagged HIF-1α or HIF-2α was coexpressed with HA-FLNA [20] [21] [22] [23] [24] in HEK 293A cells, and whole-cell extracts were used in the immunoprecipitation analysis. As shown in Fig. 3D , only HIF-1α was able to interact with FLNA [20] [21] [22] [23] [24] , whereas no binding was observed for HIF-2α, indicating that interaction of FLNA with members of the HIF family is specific for HIF-1α.
Hypoxia Enhances Calpain-Dependent Proteolytic Cleavage of FLNA.
Filamins are proteins highly susceptible to proteolysis. FLNA can be cleaved by calpain proteases at the H1 and H2 regions, generating 190-, 90-, and 10-kDa fragments (8) . It has also been reported that FLNA can be cleaved by caspase and granzyme B during the process of apoptosis, generating distinct fragments from the ones resulting from calpain-dependent cleavage (15). In whole-cell extracts of A7 cells, in addition to a 280-kDa protein corresponding to full-length FLNA, we detected a ∼200-kDa fragment (Fig. 4A , Left) using an antibody against the N terminus of FLNA, and a ∼90-kDa fragment (Fig. 4A , Right) using an antibody against the C terminus of FLNA. These results suggest that FLNA is cleaved in the H1 and H2 domains by calpain proteases in A7 cells, generating a C-terminal fragment of FLNA (FLNA CT ). Interestingly, the cleavage was significantly enhanced by hypoxia treatment, resulting in increased generation of FLNA CT (Fig. 4B, lane 1 and 2) . Moreover, the cleavage could be inhibited in a dose-dependent manner by a calpain protease inhibitor, calpeptin (Fig. 4B, lanes 3 and 4) . In contrast to calpeptin, a caspase-3/7 inhibitor, Ac-DEVD-CHO, had no effect on the cleavage (Fig. 4B, lane 5) , indicating that the hypoxia-induced cleavage of FLNA is calpain-mediated and caspase-3/7-independent.
We also investigated the impact of hypoxia on calpain-mediated cleavage of FLNA in COS-1 cells. In agreement with the results obtained in A7 cells, cleavage of FLNA in COS-1 cells was up-regulated by hypoxia, and calpeptin treatment prevented the cleavage (Fig. S4A) . Cell fractionation assays using COS-1 extracts also showed that FLNA CT localized more in nuclear than in cytoplasmic compartment and the levels of nuclear FLNA CT were increased by hypoxia (Fig. S4B ). To investigate whether hypoxia-induced cleavage of FLNA by calpain proteases has an impact on HIF-1α function, we treated M2 and A7 cells with either calpain or caspase-3/7 inhibitor. We found that the calpain inhibitor calpeptin significantly reduced expression of the HIF-1α target gene glucose transporter 1 (GLUT1) in A7 cells but had no effect in M2 cells. In contrast, inhibition of caspase3/7 by Ac-DEVD-CHO had no effect in A7 cells (Fig. 4C) . These results suggest that calpain-dependent cleavage of FLNA enhanced the cellular response to hypoxia.
Cleavage of FLNA by Calpain Enhances Nuclear Accumulation of HIF-1α. The HIF-1α signaling pathway is tightly regulated by hypoxia through several complex mechanisms involving protein degradation and control of subcellular localization. We found that HIF-1α degradation was not affected by the presence of FLNA (Fig. S5) . We next investigated whether FLNA affects the intracellular distribution of HIF-1α. In hypoxia, we observed higher HIF-1α protein levels in the cytoplasm of M2 cells compared with A7 cells, whereas A7 cells showed slightly higher levels of HIF-1α protein in the nucleus (Fig. 4D ). The quality of subcellular fractionation was controlled by investigating levels of YY1, a nuclear marker protein, and paxillin, a cytosolic marker protein. These results suggest that FLNA facilitates the nuclear accumulation of HIF-1α in hypoxia.
We also analyzed the subcellular localization of GFP-HIF-1α. Approximately 75-79% of M2 cells showed a predominantly nuclear distribution (N>C) of GFP-HIF-1α in both normoxia and hypoxia (Fig. 4E) . In contrast to M2 cells but in agreement with earlier observations using other cell lines (4, 16), we observed an increase in the number of A7 cells with an exclusively nuclear (N) distribution of GFP-HIF-1α after hypoxia treatment (from 15% to 71%). These observations indicate that FLNA facilitated the nuclear accumulation of GFP-HIF-1α in hypoxia. We next investigated whether FLNA cleavage affected the nuclear accumulation of HIF-1α in hypoxia. As shown in Fig. 4E , inhibition of calpain-dependent cleavage by calpeptin decreased the nuclear accumulation of GFP-HIF-1α in A7 cells (from 71% to 45%) but had no significant effect in M2 cells. Inhibition of caspase 3/7 by Ac-DEVD-CHO had no effect on the subcellular distribution of GFP-HIF-1α in either M2 or A7 cells.
Treatment of COS-1 cells with calpeptin under hypoxic conditions decreased the percentage of cells exhibiting exclusively nuclear (N) distribution of GFP-HIF-1α (Fig. S4C) . Concomitantly, calpeptin decreased HRE-driven reporter gene activity in a dose-dependent manner in COS1 cells (Fig. S4D) . Taken together, these results suggest that calpain-dependent cleavage of FLNA enhances the nuclear accumulation of HIF-1α, resulting in an increased transactivation function of HIF-1α at hypoxia.
FLNA Has No Impact on HIF-1α Function in Cells Lacking Cleavage of
FLNA by Calpain Proteases. To assess the relevance of calpainmediated cleavage of FLNA, we investigated the presence of FLNA CT in distinct cell lines, including the human osteosarcoma cell line U2OS and HEK 293T and HeLa cells (Fig. 5A and Fig.  S6 ). In both U2OS and 293T cells, FLNA CT was detected and up-regulated in response to hypoxia. In contrast, FLNA cleavage was not detected in HeLa cells in either normoxia or hypoxia. These results indicate that cleavage of FLNA is cell typedependent and can be enhanced by hypoxia.
Interestingly, whereas in U2OS and HEK 293T cells silencing FLNA significantly decreased hypoxia-induced HIF target gene expression, in HeLa cells inhibition of FLNA expression had no effect on hypoxia-mediated up-regulation of VEGF-A and BNIP3 expression (Fig. 5B) . These results show that the effect of FLNA on the HIF-1α transactivation function correlates with calpaindependent cleavage of FLNA. (Fig. 6A) . We further generated cell lines stably expressing FLAG-tagged FLNA, ΔH1, or FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] , and cells transfected with vector only were used as control. As shown in Fig. 6B , the stable cell lines expressed similar levels of wild-type FLNA, ΔH1, or FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] , respectively. We next examined the subcellular distribution of GFP-HIF-1α in these cell lines (Fig. 6C) . We found that in the majority of control cells and in cells stably expressing ΔH1, GFP-HIF-1α showed a predominantly nuclear distribution (N>C) in both normoxia and hypoxia (70-86%). However, in cells stably expressing FLNA, hypoxia significantly increased the exclusively nuclear distribution (N) of GFP-HIF-1α (from 31% to 74%). Similar results were also obtained in FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] -expressing cells (from 25% to 68%). These observations clearly indicate that FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] is able to recapitulate the effect of full-length FLNA on the intracellular distribution of HIF-1α by increasing the nuclear accumulation of the protein in hypoxia. Furthermore, preventing the generation of the C-terminal fragment of FLNA by deletion of the H1 domain completely abrogated FLNAmediated induction of nuclear accumulation of HIF-1α.
The transactivation function of endogenous HIF-1α was assessed using hypoxia-inducible reporter gene assays in the stable cell lines (Fig. 6D) . Reporter gene activity at hypoxia was approximately fivefold higher in FLNA and FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] -expressing cells than in control cells. However, there was no significant difference between cells expressing ΔH1 and control cells. Moreover, FLNA and FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] , but not ΔH1-expressing cells, had more GLUT1 mRNA expression in hypoxia than control cells (Fig. 6E) . Taken together, these results suggest that the cleavage of FLNA at the H1 domain by calpain proteases and the generation of the C-terminal fragment of FLNA are essential for the effect of full-length FLNA on the HIF-1α transactivation function in hypoxia.
FLNA Is Recruited to the Promoters of HIF Target Genes in Hypoxia.
Because our results show that the C-terminal fragment of FLNA increases nuclear accumulation of HIF-1α and its transactivation function, we further investigated whether FLNA is recruited to the promoters of HIF target genes in ChIP experiments. Our results demonstrate that in M2 cells, HIF-1α was present within the HREcontaining region of the VEGF-A promoter at hypoxia, whereas no FLNA binding was detected (Fig. 7A) . In contrast to M2 cells, in A7 cells both HIF-1α and FLNA were detected in a hypoxiadependent manner within the same region of the VEGF-A promoter. In addition, recruitment of HIF-1α to the VEGF-A promoter at normoxia was significantly enhanced in A7 cells, compared with M2 cells. Thus, enhanced recruitment of HIF-1α at normoxia in A7 cells correlates positively with the increase in target gene expression observed in Fig. 2 , suggesting that FLNA may also have a role on the regulation of basal HIF-1α activity occurring at normoxia.
In COS-1 cells that express endogenous FLNA, both HIF-1α and FLNA were present on HRE-containing regions of VEGF-A and PGK1 promoters under hypoxic conditions (Fig. 7B) . Taken together, these results suggest that FLNA is recruited to the HIF-1α transcriptional complex on HRE-containing promoters, correlating with an increase in HIF-1α-dependent transcriptional activity.
Discussion
In the present study we have identified FLNA as a previously unidentified regulator of the HIF signaling pathway. We show that FLNA contributes to tumor growth and angiogenesis. This correlates with FLNA-dependent regulation of HIF target genes. A hypoxia-inducible nuclear cleavage product of FLNA binds to the N terminus of HIF-1α but not HIF-2α, increases nuclear localization of HIF-1α, and it is recruited to HRE-containing promoters and enhances the HIF-1α transactivation function. In conclusion, these results indicate that FLNA is important for efficient induction of HIF target genes that regulate tumor growth.
Similar to HIF-1α in this study, more than 100 binding partners interact with FLNA (10) . Although the majority of FLNAinteracting partners are membrane-associated or cytoplasmic proteins, several studies have provided evidence that FLNA interacts with nuclear proteins and participates in their signaling pathways. These proteins include transcription factors such as the androgen receptor, Smads, and FOXC1 (9, (17) (18) (19) and proteins involved in DNA repair [e.g., BRCA2 (20)]. In our study we show that FLNA interacts with HIF-1α and regulates the localization and transactivation of this transcription factor.
Previous studies have shown that the C-terminal fragment of FLNA is required for the nuclear translocation of the androgen receptor (17) , and the nuclear localization of the FLNA CT fragment restores the responsiveness of prostate cancer cells to androgens (21) . In addition, wingless-related MMTV integration site 5A (Wnt5A)-driven cell migration has been shown to be dependent on FLNA cleavage (22) . Our results show that the exclusively nuclear localization of HIF-1α and regulation of HIF-1α target gene expression is dependent on the generation of the FLNA CT fragment. Furthermore, expression of FLNA CT in cells lacking FLNA reconstituted the effect of FLNA on the HIF-1α signaling pathway. These observations unravel an unexpected role of the FLNA CT as a previously unidentified regulator of HIF-1α function. Moreover, this mode of regulation is specific for HIF-1α and does not affect HIF-2α function.
We identified the N-terminal portion of HIF-1α as the interface interacting with FLNA. This region shows the highest level of homology between HIF-1α and HIF-2α (85% and 70% amino acid sequence identity in bHLH and PAS domains, respectively). However, these domains are known to show a high degree of plasticity, possibly explaining the molecular basis for partner protein specificity. Besides FLNA other proteins, including SEPT9_v1 and Sp1, have been shown to specifically interact with the N-terminal region of HIF-1α (23, 24) , suggesting that specific regulation of HIF-α proteins with distinct partners is a common theme in the hypoxia-signaling pathway.
Treatment of cells with Wnt5A or IGFBP5 has been shown to induce FLNA cleavage by regulating calpain activity or FLNA phosphorylation, respectively (22, 25) . Our study indicates hypoxia as another signal inducing cleavage of FLNA. Hypoxia is known to increase cytosolic calcium (26) and has been shown to up-regulate calpain protease activity in several cell types, such as pulmonary arterial endothelial cells (27) . The ability of calpain to cleave FLNA is also regulated by phosphorylation (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Several kinases, including PKA, Pak1, and RSK, as well as phosphatases such as calcineurin, have been proposed to regulate FLNA phosphorylation (10) . In addition to up-regulation of calpain activity, hypoxia may have an impact on the phosphorylation status of FLNA, thus underlying cell type-specific differences in generating the cleavage product in hypoxia. Further studies are necessary to address this question.
Calpain activity has been shown to degrade HIF-2α in response to intermittent hypoxia, a mechanism that has no impact on HIF-1α protein levels (28) . Here we show that HIF-1α-dependent signaling is up-regulated as a consequence of increased calpain activity, indicating that calpain can impact on HIF-α proteins by completely distinct mechanisms leading to opposite outcomes.
We show that FLNA expression leads to up-regulation of VEGF-A expression, secretion, and consequent induction of angiogenesis. Our results give a rationale to previous observations in lung cancer and peripheral cholangiocarcinoma whereby FLNA expression correlates with VEGF-A expression (29, 30) .
The role of FLNA in tumor invasiveness and metastases suggested by in vitro cell motility studies is currently under scrutiny (10, 22, (31) (32) (33) . However, other roles for FLNA in cancer have been proposed. In prostate cancer cells it has been shown that nuclear FLNA CT promotes sensitization of cells to antiandrogen therapy (21) , a mechanism that may explain why down-regulation of FLNA observed in certain cancer cohorts could confer an advantage to prostate cancer development (Table S2 ). In a K-Rasinduced lung adenocarcinoma mouse model we have shown that FLNA expression contributes to tumor growth (34) . In addition, the reported role of FLNA in BRCA2-mediated DNA repair suggests that FLNA may modulate cancer genomic instability [16] [17] [18] [19] [20] [21] [22] [23] [24] ). (B) Expression of wild-type FLNA and mutants in cell lines stably expressing FLNA, ΔH1, and FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] . Control cells were transfected with empty vector. (C) Nuclear localization of GFP-HIF-1α in hypoxia is increased in FLNA-and FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] -expressing cells. Quantifications are presented as described in SI Materials and Methods. (D and E) Transactivation activity of HIF-1α is up-regulated in FLNA-and FLNA [16] [17] [18] [19] [20] [21] [22] [23] [24] -expressing cells. HRE-driven luciferase reporter assay (D) and GLUT1 expression analyzed by quantitative RT-PCR analysis (E) were performed in the stable cell lines cultured in either normoxia (N) or hypoxia (H). Data are shown as mean ± SD of at least three independent experiments. *P < 0.05 compared with corresponding samples of control cells. (35). Here we show that FLNA contributes to tumor growth by increasing HIF-1α activity. It is possible that FLNA has an impact on tumor growth in cancers in which calpain-dependent cleavage of FLNA occurs. Analysis of FLNA expression in cancer cohorts shows that FLNA mRNA is up-regulated in several types of cancer (Table S1 ). Protein expression levels and the cleavage state of FLNA remain to be investigated to assess the role of FLNA in these types of cancer. Other roles of FLNA, such as the abovementioned mechanism in prostate cancer (21) , could explain why FLNA is down-regulated in some types of cancer (Table S2) .
Our unexpected discovery of FLNA as a regulator of HIF-1α function supports the concept that the actin-cross-linking protein FLNA also exists as a nuclear protein (36) . However, our results show that the nuclear localization of FLNA does not always suppress tumor growth, as has been recently proposed (37) . On the basis of our observations, we propose a model in which FLNA mediates a previously unrecognized mechanism of regulation of HIF-1α function and thus controls adaptive responses to hypoxia (Fig. S7) . HIF-1α interacts with full-length FLNA in the cytoplasm and under hypoxic conditions, calpain protease activity is upregulated, resulting in increased cleavage of the C-terminal fragment of FLNA that translocates to the nucleus together with HIF-1α. This, in turn, facilitates the nuclear accumulation of HIF-1α and corecruitment to HRE-containing target genes. The functional consequence of this interaction is an enhanced transactivation function of HIF-1α that facilitates tumor growth by regulating tumor cell metabolism and inducing tumor angiogenesis. This HIF-1α-specific mechanism offers opportunities in targeting the hypoxia-signaling pathway therapeutically.
Materials and Methods
Tumor growth and angiogenesis were studied using tumor xenograft model in SCID mice. Gene expression was analyzed by quantitative RT-PCR. Detailed methods for tumor xenograft model, cell culture, plasmid construction and transfection, RNA interference, protein and RNA extraction, immunoprecipitation, immunoblotting, ChIP, VEGF-A secretion, and visualization of fluorescent proteins are given in SI Materials and Methods.
